2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt radical cation (ABTS+) is a stable free radical frequently used for estimating the total antioxidant capacity (TAC) of natural products. The existing methods for ABTS+ radical-scavenging activity assays are diverse in pre-diluting solvents and reaction time, which lead to errors in the TAC estimations. To develop an effective and universal method for estimating the ABTS+ capacity accurately and reasonably, five pre-dilution solvents [methanol, ethanol, phosphate buffer (Na 2 HPO 4 -NaH 2 PO 4 , 200 mM, pH = 7.4), PBS buffer (Na 2 HPO 4 -NaH 2 PO 4 -NaCl, 200 mM, pH = 7.4), and distilled water] and different reaction times were investigated in ABTS+ assays of five typical antioxidants. The results showed that the solvent effects were very significant. When using different pre-diluting solvents, different detection wavelengths should be selected. ABTS+ assay could be measured within 2-10 min to obtain a rough result, which was mostly 6 min in the literature. However, full and accurate evaluation of antioxidant reactivity rather than capacity requires recording ABTS+ loss continuously during the whole reaction period. The present study makes a recommendation for estimating the ABTS+ capacity accurately and reasonably.
, may cause cell aging, cardiovascular diseases, mutagenic changes, and cancerous tumor growth [2] . Antioxidants are compounds that can delay the oxidation of other molecules by inhibiting either the initiation or propagation of oxidizing chain reactions caused by free radicals and thereby may reduce oxidative damage to the human body [3] . Phenolic substances, which exist in plant tissues as secondary metabolites, can be categorized into simple phenols, phenolic acids (both hydroxybenzoic acids and hydroxycinnamic acids), flavonoids, lignins and tannins. These substances are responsible for color, bitterness, acerbic taste, flavour, odor and antioxidant properties [4] .
2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt radical cation (ABTS+), a stable free radical, is frequently used for estimating the total antioxidant capacity (TAC) of natural products, including crude extracts [5] [6] [7] [8] [9] , polyphenols [10] , phenolic acids [11] , flavonoids [12] , and others [13] . The original ABTS+ radical-scavenging assay was measured according to the activation of metmyoglobin with hydrogen peroxide in the presence of ABTS to produce the radical cation, in the presence or absence of antioxidants [14] . With the improving technology for determination of the blue ABTS+ chromophore produced through the reaction between ABTS and potassium persulfate ( Figure 1 ), a feasible method was established according to a maximal absorption of ABTS+ at wavelengths of 645 nm, 734 nm, and 815 nm [15, 16] ; the original method measured at 415 nm [17, 18] .
Until 1999, the applicable and universal ABTS+ method for the study of both water-soluble and lipid-soluble antioxidants, pure compounds, and food extracts, including flavonoids, hydroxycinnamates, carotenoids, and plasma antioxidants, was proposed by Re et al. [14] . This ABTS+ assay was measured by a colorimetric method at 734 nm, and the extent of decolorization as a percentage inhibition of the ABTS+ radical cation was determined as a function of concentration and time and calculated relative to the reactivity of Trolox, as a standard, under the same conditions. Recently, the LC-ABTS+ assay is frequently used for ABTS+ radical-scavenging activity. He et al. [19, 20] identified the phenolic compounds from pomegranate (Punica granatum L.) seed residues and investigated their antioxidant capacities by HPLC-ABTS+ assay; Kalili et al. [21] reported that the combination of LC × LC separation with an on-line radical scavenging assay increased the likelihood of identifying individual radical scavenging species in comparison with the conventional LC-ABTS+ assay. However, in the course of the application of the ABTS+ method, some problems appeared. First, the pre-diluting solvents in ABTS+ assay are various in the existing literature. For example, Bangoura et al. [22] and Shao et al. [23] selected PBS buffer solution (Na 2 HPO 4 -NaH 2 PO 4 -NaCl, 200 mM, pH = 7.4) as the solvent and the absorbance of ABTS+ assay measured at 734 nm. Gursoy et al. [24] reported that ABTS+ free radical-scavenging assay was measured after ABTS+ dilution with phosphate buffer (0.1M, pH 7.4). Luo et al. [10] diluted the ABTS+ with 95% ethanol, and determined the absorbance at 734 nm. Siddhuraju [25] reported the ABTS+ solution diluted in ethanol (1:89, v/v) and used an absorbance at 734 nm. However, our previous research revealed that the ABTS+ solution diluted with ethanol had maximal absorption at 753 nm [26] . It is inaccurate to measure the absorbance at 734 nm in either ethanol or the other solvents. 
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Although Dawidowicz and Olszowy discussed the importance of solvent type in estimating antioxidant properties of phenolic compounds by ABTS+ assay [27] , only three solvents (methanol, ethanol and propanol) were discussed in detail. The solvents frequently-used in ABTS+ assay, including PBS and phosphate buffer, were not reported and discussed to our knowledge. Secondly, the reaction time is an important factor causing errors in estimating the ABTS+ free radical-scavenging activity. ABTS+ can be quenched by both electron (fast) and hydrogen atom transfer (slow) like DPPH [28] . That is to say, the reaction time of different antioxidants with ABTS+ is not same. In the literature, 6 min of reaction time were employed universally, which could cause error in the ABTS+ radical-scavenging, especially for complex samples (e.g. crude extracts). Therefore, it is necessary to investigate the proper reaction time for the ABTS+ capacity determination of different antioxidants. This paper deals with the effects of different solvents and different reaction times on ABTS+ assay. In this study, five pre-diluting solvents [methanol, ethanol, phosphate buffer (PB, Na 2 HPO 4 -NaH 2 PO 4 , 200 mM, pH = 7.4), PBS buffer, and distilled water] and different reaction times (0-30 min) were investigated in ABTS+ assays for five antioxidants.
Effects of the solvents:
ABTS+ has a maximal absorption at 734 nm according to the literature [14, 22] . However, the maximal absorption wavelengths of ABTS+ in different solvents are not the same, which might be ascribed to a red or blue shift caused by solvent effects. Although Dawidowicz and Olszowy [27] have reported the methanol, ethanol, and propanol effects, other solvents are frequently used to pre-dilute ABTS+. In the present study, ABTS+ solution was diluted with PBS buffer, PB, H 2 O, MeOH, and EtOH, respectively. The UV-Vis spectra of pre-diluting ABTS+ solutions were scanned in the range of 500-1000 nm. Figure 2 shows that the ABTS+ solutions diluted with PBS buffer, PB, and H 2 O have the same maximal absorption at 734 nm, but MeOH pre-dilution of ABTS+ has a maximal absorption at 745 nm, and the EtOH pre-dilution, a maximal absorption at 753 nm. Therefore, it is unsuitable for the literature methods [10, 24] to measure ABTS+ capacity at the same wavelength (734 nm) without regard to the solvent effects. Additionally, the linearity coefficients between absorptions and concentrations were analyzed and are shown in Table 1 . The results reveal that all the above prediluting ABTS+ have good linearity coefficients (r 2 ≥ 0.998), indicating that all of the above solvents could be used for prediluting ABTS+. However, when using different pre-diluting solvents, the corresponding maximal absorption wavelengths for detection were varied.
Effects of reaction time:
The same as with the DPPH free radical, ABTS+ could be quenched by both electron (fast) and hydrogen atom transfer (slow) [28, 29] . That is to say, the time of various antioxidants quenching ABTS+ is different. However, most existing methods used for ABTS+ assay are measured after 6 min of reaction time, which provide little chemical information about the antioxidants. In the present study, the ABTS+ scavenging activity of five familiar antioxidants, gallic acid, ferulic acid, caffeic acid, phenol, and glutathione were determined under different reaction times, as shown in Figure 3A . The reaction rate (k 1 ) at different times is shown in Figure 3B . The results reveal that ABTS+ could be quenched very rapidly by phenol, but very slowly by glutathione. Gallic acid, ferulic acid, and caffeic acid also quench ABTS+ very rapidly, but it takes them a longer time to reach a steady state. The ABTS+ scavenging activity of glutathione is very weak, especially within a short reaction time, indicating that glutathione quenches ABTS+ according to hydrogen atom transfer. That is to say, the antioxidants like glutathione need longer time to accomplish the reaction. According to our experiments, the six minutes of reaction time used in the literature is too long for reaching a slow reaction state, and it is difficult for the majority of compounds to obtain a steady state within a limited time. It can be concluded from Figure 3 that ABTS assay could be measured within 2-10 min to obtain a rough result. To get more accurate and reliable results, a time-varying measurement is recommended. 
Effects of concentration of antioxidants:
The reaction needs more time when the antioxidants have a high concentration, according to a previous report by Xie and Schaich [28] . In the present study, gallic acid was selected to determine the effects of the concentration of the antioxidant on the reaction time. The concentrations of gallic acid ranged from 1.25 μM to 7.50 μM. The results in Figure 4 show that the time of reaching a stationary state becomes longer with higher concentrations. The stationary state could not be reached within a stationary time for different concentrations of antioxidants.
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Therefore, the absorbance of the ABTS+ assay could not be measured at a stationary reaction time, and a time-varying measurement is encouraged to obtain accurate results.
Antioxidant assay:
The ABTS+ scavenging activity of five antioxidants, gallic acid, ferulic acid, caffeic acid, phenol, and glutathione were measured using five different solvents (PBS buffer solution, PB, H 2 O, MeOH, and EtOH) to pre-dilute ABTS+ radical solution, respectively. The absorbance was recorded at the corresponding maximum absorption wavelength. The results in Table 2 (IC 50 [APR) and I 7.5 ] reveal that phenolic acids and phenol exhibit similar ABTS+ radical-scavenging capacity in the five solvents. Additionally, good linear relationships between inhibition and antioxidant concentrations of three phenolic acids and phenol could be obtained at an inhibition of about 50%. For a limited range of concentrations, a reliable linear relationship does exist between antioxidant concentration and percentage inhibition according to the literature [30, 31] . Carmona-Jiménez et al. [32] reported that the IC 50 can be obtained accurately when a reliable linear relationship exists. Therefore, the five different solvents might be alternative solvents for pre-diluting ABTS+ radical solution in the ABTS+ radical-scavenging assay. Redox potential at pH 7; c IC 50 of ABTS+ is expressed as μM, APR=1/IC 50 ; d IC 50 of DPPH is obtained from the literature [28] and expressed as μM, APR=1/IC 50 , e Inhibition of ABTS+ at the concentration of 7.5 μM. f no reaction; g response too low to determine stoichiometry accurately.
It is interesting that phenol (monohydric phenol) exhibited moderate ABTS+ radical-scavenging activity, but exhibited no DPPH radical-scavenging activity ( Table 2) . Ferulic acid has stronger APR than caffeic acid in the ABTS+ assay, which might be caused by the higher redox potential of ferulic acid (E 7 : ferulic acid > caffeic acid); this further supported the view that ABTS+ can be quenched by both electron and hydrogen atom transfer. The above results imply that accurate ABTS+ antioxidant capacity could not be obtained from a stationary time measurement because of the existence of diverse samples, especially for mixture samples and crude extracts of plants.
Recommendations for the use of ABTS+ assay in the evaluation of total antioxidant activity:
The ABTS+ assay has been used extensively to compare and rank the antioxidant effectiveness of a wide range of natural extracts in thousands of studies. Nonetheless, results reported here raise serious questions about its validity for quantitating and comparing the activity of antioxidants with different sizes and structures, and especially for ranking their relative reactivity. Hence, some recommendations for the use of the ABTS+ assay according to the results of the present study are listed as follow: (1) When using different pre-diluting solvents, the corresponding maximal absorption wavelengths for detection should be selected; (2) Although ABTS+ antioxidant capacity could be measured within 2-10 min to obtain a rough result, to obtain more accurate and reliable results, a time-varying measurement is recommended, with calculation of reaction kinetics from early response.
Experimental
Reagents and instruments: 2,2'-Azino-bis (3- 
Effects of reaction time:
ABTS+ was diluted with PBS buffer solution to obtain an absorbance in the range of 0.70 ± 0.02. Ten µL of 2 mM antioxidant samples (5 μM, final concentration) and 90 μL distilled water were added to the tube, then 3.9 mL of diluting ABTS+ solution was added and vibrated vigorously. The mixture was transferred to the cuvette, and the absorbance at 734 nm was measured rapidly. The absorbance was recorded successively every 30 s (0-6 min), 1 min (6-10 min), and 5 min (10-30 min), respectively. The initial absorbance was recorded by replacing the sample with methanol. The reaction rate (k 1 ) was obtained from the absorbance drop (ΔA i ) for every time unit (Δt) and calculated as follows: k 1 = ΔA i /Δt (ΔA/s)
Effects of concentration of the antioxidants:
Gallic acid solutions at different concentrations were selected to determine the effects of the concentration of the antioxidants on ABTS+ assay. The absorbance was measured as above.
ABTS free radical-scavenging activity assays:
One hundred µL of each sample in methanol at various concentrations (2.5, 5.0, 7.5, 10.0, and 15.0 μM, final concentration) was added to 3.9 mL of prediluting ABTS+ (absorbance at 0.70 ± 0.02) and vibrated vigorously. Then the reaction mixture was incubated at room temperature for 2-10 min, and the absorbance was recorded at the corresponding maximum absorption wavelength (734 nm for PBS, PB solution, and H 2 O, 745 nm for MeOH, and 753 nm for EtOH). The ABTS free radical-scavenging activity was expressed by inhibition (I%), calculated as follows: I% = (A blank -A sample )/A blank × 100; where A sample was the absorbance of ABTS solution mixed with sample and A blank was the absorbance of ABTS solution mixed with solvent. The IC 50 value was defined as the effective concentration at which the DPPH radical was scavenged by 50% and the antiradical power (ARP) was calculated as follow: ARP = 1/IC 50.
